white blood cells and are produced in the bone marrow, where their progenitor cells derived from the stem cells proliferate and differentiate into mature granulocytes. During this process, the progenitor cells pass through several intermediate stages such as myeloblasts, promyelocytes, and myelocytes, and various granulocyte-specific enzymessuch as myeloperoxidaseand leukocyte elastase are produced at specific stages of their development (1 , 2). Proliferation and differentiation of hematopoietic progenitor cells are regulated by a family of cytokines and at least three cytokines are involved in the production of granulocytes and macrophages, that is, IL-3, . G-CSF specifically works on cells restricted to the granulocyte lineage (1, 3). This cytokine can stimulate colony formation of granulocytes in semisolid medium of bone marrow cells and induce granulopoiesis in vivo (3), indicating that G-CSF plays a major role in development of granulocytes in bone marrow. In contrast to the accumulating evidence on the involvement of cytokines in granulocyte development, little is known about the regulation of granulopoiesis by the bone marrow hematopoietic microenvironment, or the roles of adhesion molecules among subsequent stages of granulocyte maturation. Since bone marrowis a major granulopoietic organ and the hematopoietic microenvironment is comprised of stromal cells (6, 7), it is conjectured that bone marrowstromal cells mayregulate granulopoiesis. Thus, in the present work, we examined the effect of stromal cells on granulopoiesis in vitro using established lines of bone marrow stromal cells from T-antigen transgenic mice (8) and demonstrated that G-CSF-independent granulopoiesis was induced by the bone marrowstromal cells. 
MATERIALS AND METHODS

Antibodies
RESULTS
Large granulocyte colony formation induced by the bone marrow stromal cells. Wepreviously reported the ability of the established bone marrowstromal cell lines to support lineage-restricted myeloid progenitor cells, which were examined by the colony formation of the hematopoietic progenitors of fetal livers on the stromal cell layers in semisolid medium (8). Using typical stromal cell lines (TBR59 and TBR511), we examined howthe stromal cells stimulate granulopoiesis in vitro. TBR511 restricted their ability to support granulopoiesis from progenitor cells in fetal liver (8). Whenthe fetal liver progenitor cells were cocultured on the layers of the stromal cell lines in semisolid medium, they formed large adhering colonies of over 200 cells containing granulocytes after 5 days culture (Fig. 1) ; but without the stromal cell layers, no such colonies were observed even in the presence of G-CSF, except for forming small colonies of less than 30 cells designated as CFU-G after 6 days. Addition of G-CSF in the coculture only slightly stimulated the large granulocytic (G)-colony formation (Table 1) . When bone marrow progenitor cells were cocultured on the stromal cell layers, essentially the same result was obtained, although there were differences in colony numbers between bone marrow progenitors and fetal liver progenitors (Table I) . Thus, these bone marrowstromal cell lines can stimulate the large G-colony formation from the progenitor cells of bone marrow and fetal liver without addition of G-CSF.
Large G-colony formation from Gr-1 (a granulocytespeciflc surface marker) negative progenitor cells. To determine which stage of the progenitor cells responded to form the large G-colonies on the stromal cells, we examined the expression of Gr-1, a granulocyte lineage- were Gr-1~in 13.5-day fetal liver (Fig.  2B) , the TER119+ and Gr-1+ cells of the 13.5-day fetal liver were depleted by magnetic beads after lysing treatment.
Even after removing the Gr-1 + cells, the large G-colony formation was observed on the TBRstromal cell layers from the Gr-1~cells in the absence of G-CSF (Table  II) . As a result, the ability of progenitor cells to form large G-colonies in fetal liver was enriched 5-fold to 10-fold in Gr-1-/TER119~cells. In bone marrow, in which half of the hematopoietic cells are Gr-1~( Fig.   2A ), the lineage marker-negative (Lin~) progenitor cells (TER1 19~, Mac-1~: macrophage-specific marker, CD4~, CD8~: T-cell-specific markers, B220~: B-lymphocyte-specific marker, in addition to Gr-1~) were prepared from bone marrow cells. In the absence of stromal cells, the Lin~progenitor cells from bone marrow formed less G-CSF dependent G-colonies than those from the unfractionated bone marrow cells (Table I , II), but they formed more than 3-fold large G-colonies on TBR511 cell layers in the absence of G-CSF (Table  II) . Addition of G-CSFin the coculture showed no apparent enhancement in colony formation either in bone marrow or in fetal liver. G-CSFindependent colony formation on the stromal cells. Addition of G-CSFon the coculture was less effective on the colony formation and these stromal cell lines did not produce a measurable activity of G-CSFas previously reported (8). To show clearly the stimulation of G-CSF independent colony formation by the stromal cells, anti-G-CSF antibody was added to the coculture.
The inhibition was saturated at 30% by its concentration of 10 //g/ml when an increasing amount of anti-G-CSF antibody was added (Fig. 3) . Thus, approximately 10% of the large G-colonies were stroma dependent. Ten fig/ml of anti-G-CSF antibody was sufficient to inhibit CFU-G formation completely (Table III ). An addi- Progenitor cells were derived from 13.5-day old fetal livers, or bone marrow cells from 8-week old C57BL/6 mouse. After lysing treatment, 2 x 104 hematopoietic cells were cultured in the semisolid mediumwith (1 ng /ml) or without G-CSFas described in Materials and Methods and the formed colonies were counted on the 5th day. Numberof large G-colonies (average of 3 wells) are shown. * Parentheses indicate the number of small hanging colonies in semisolid medium distinguished from large G-colonies. Exp.; independent experi- After lysing, bone marrow cells from 8-weeks C57BL/6mouse were incubated with a cocktail of monoclonal antibodies of Lin markers followed by incubation with magnetic beads to eliminate Lin+ cells. After the treatment, 2 x 104 Lin" bone marrow cells were cultured on stromal cells in the presence (1 ng/ml) or absence of G-CSFfor 5 days in the semisolid mediumas described in Materials and Methods. For preparation of fetal liver progenitor cells, the lysing treated cells were incubated with TER119 and Gr-1 followed by incubation (Table IV) . Expression ofgranulocyte-specific markers. Formation of the large G-colonies may be due to the growth expansion of the progenitor cells on the stromal cell layers as reported in the stroma-supported erythropoiesis (14-16). Induction of terminal differentiation in the stromasupported granulopoiesis was followed by expression of Gr-1 during in vitro culture (Fig. 2) . Without stroma cell layers, G-CSF induced production of Gr-1+ cells from the Gr-1~progenitor cells of 13.5-day old fetal liver. On the TBR511 cell layers, Gr-1+ cells were produced in the absence of exogenously added G-CSF, and addition of G-CSFdid not stimulate expression of Gr-1. When expression of myeloperoxidase (MPO) gene as a granulocyte-specific gene was measured by RT-PCR, it was induced by cocultivation with the stromal cells as well as by G-CSF (Fig. 4) .
Molecules involved in the stroma-supported granulopoiesis. The stromal cells maysupport granulopoiesis through cell-to-cell interaction, thus we examined the effect of antibodies against the adhesion molecules. CD34, VLA-4, and PECAM-1are expressed during the early stages of myeloid maturation (17, 18), and c-Kit is known to be involved in the stroma-supported erythropoiesis (15) and to be expressed on immature hematopoi- Concentration of anti-G-CSF antibody (ng/ml) Fig. 3 . Dose response effect of anti-G-CSF polyclonal antibody on G-colony formation. The fetal liver progenitor cells after lysing were seeded on the TBR511cell layers at 1 x 104 cells/well. Polyclonal rabbit anti-C-CSF antibody was added in increased amount and the number of G-colony formation was examined. All points were derived from the results of 2 wells. The fetal liver progenitor cells after lysing were seeded on the TBR511 cell layers. Anti-G-CSF antibody (10 jug/ml) was added to the culture. All numbers were derived from 3 wells. * Parentheses indicate numbers of small hanging colonies in semisolid medium distinguished from large G-colonies. Exp.; independent experiment. Bone marrow derived Lin~progenitor cells were cultured on TBR511 cells with conditioned mediumof TBR511 in semisolid medium. Conditioned mediumwas prepared from 3 days culture of con fluent monolayer culture of TBR511. All numbers were the average of two wells derived from 1 x 103 Lin" cells. * Conditioned media enhanced growth of stromal cells from Lin" cells and adhered cells grew well in conditioned media.
Most of the colonies in feeder-less-wells were accompanied by stromal cells. Antibodies were added to the culture at 10 //g/ml and the colonies formed were counted on 5th day. Exp.; independent experiment. All numbers were derived from three wells. #: Unrelated rat monoclonal antibody against a surface molecule of spleen stromal cell line (clone llD) was added to the culture at 10 /zg/ml. N.D.; not determined. etic cells promoting their proliferation (19, 20) . Addition of anti-c-Kit antibody reduced the large G-colony formation 60-80% at 10 /ig/ml which is sufficient for inhibition of stroma dependent lymphopoiesis (13). Addition of anti-VLA-4 antibody reduced it to 50-80% at 10 fjtg/ml which is sufficient for inhibition of stroma dependent lymphopoiesis (ll, 13), and addition of anti-PECAM-1 reduced it to 50-60% (Table IV) . Thus, both adhesion molecules are involved in the stroma-supported granulopoiesis. SCF/c-Kit interaction was required for both processes (13, 22) , but c-Kit was down regulated after erythroid maturation (15, 23) , thus c-Kit seems to be functional only at a restricted immaturestage of the hematopoietic cells. In granulopoiesis, however, the inhibitory effect of anti-c-Kit antibody was weaker than those in erythropoiesis or the stem cell development. Lund-Johansen and Terstappen (17) reported that VLA-4 is expressed in immature granulocytes, but downregulated after maturation. Inhibition of the stroma-supported granulopoiesis by anti-VLA-4 was weaker than those in B-lymphopoiesis (10, 13), the stroma-supported erythropoiesis (22) and development of the sorted stem cells on the stromal cells (13) at the same antibody concentration. VLA-4/VCAM-1 interaction may not be strongly involved in granulocytic development, while it affects development of other lineages of progenitor cells. Since PECAM-1 was expressed in immature granulocytes and also shown to play a crucial role in transendothelial migration of mature granulocytes (17, 24, 25) , we examined the effect of anti-PECAM-1 antibody on the stroma-supported granulopoiesis. The result indicated that PECAM-1was more strongly involved in the stromasupported granulopoiesis than VLA-4. These results on the effects of several antibodies against surface molecules expressed in the hematopoietic cells suggested that stromal cells supported granulopoiesis in a different way compared with other lineages of hematopoietic cells, in which rather similar molecules such as c-Kit and VLA-4are involved in the stromal supported hematopoietic development.
